We study interference effects in the production channel ZZ+jet, in particular focusing on the role of the Higgs boson. This production channel receives contributions both from Higgs boson-mediated diagrams via the decay H → ZZ (signal diagrams), as well as from diagrams where the Z-bosons couple directly to a quark loop (background diagrams). We consider the partonic processes gggZZ and gqqZZ in which interference between signal and background diagrams first occurs. Since interference is primarily an off-resonant effect for the Higgs boson, we treat the Z-bosons as on-shell. Thus our analysis is limited to the region above threshold, where the invariant mass of the Z-pair, m ZZ , satisfies the condition m ZZ > 2m Z . In the region m ZZ > 300 GeV we find that the interference in the ZZ + jet channel is qualitatively similar to interference in the inclusive ZZ channel. Moreover, the rates are sufficient to study these effects at the LHC once jet-binned data become available.
INTRODUCTION
The discovery of a Higgs boson at the Large Hadron Collider (LHC) with a mass of around 125 GeV [1, 2] obliges us to undertake a program of precision measurements that will take more than a decade to complete. Since the observed particle, by virtue of its spin and the pattern of its couplings, is quite different than any other particle observed to date, it will be important to examine all the features of this particle. Kauer and Passarino made the interesting observation [3] that the narrow width approximation is inadequate to describe the spectrum of the Higgs decay products in the channels H → V V (where V is a vector boson). In fact a sizeable fraction ∼ 10% of the Higgs-mediated cross section lies in a high mass tail, where the mass of the decay products is greater than 2m V . The unique feature of this tail is that it is dependent on the couplings of the Higgs, both in production and decay, but, unlike measurements made on the Higgs boson peak, it is independent of the Higgs boson width. Subsequently a number of proposals have been made to exploit this high mass tail, either to bound the width of the Higgs boson [4] [5] [6] or to investigate the nature of the gluon-Higgs coupling [7, 8] . Recent measurements by both the ATLAS [9] and CMS [10] collaborations using this feature place bounds on the Higgs width at the level of Γ H /Γ SM H ≃ 5 − 10. These bounds rely on the assumption that the Higgs couplings as measured off-shell agree with the Higgs couplings on-shell. It is possible to construct models where this is not the case [11] . Independent of such measurements, however, an understanding of the off-shell behavior of the Higgs boson is important in its own right and will be pursued vigorously once data-taking resumes at the LHC next year.
In this paper we consider H → ZZ decays, although we expect qualitatively similar effects in the H → W + W − channel. The extraction of the Higgs contribution gg → H → ZZ → 4l in the high mass tail is challenging because the rate is an order of magnitude smaller than the pp → ZZ → 4l background, as shown in Fig. 1 . Since the gluon-gluon initial state responsible for Higgs boson FIG . 1: Zero-and one-jet gluon fusion Higgs production with H → ZZ → 4l decay as a function of the fourlepton invariant mass m 4l (lower two curves), together with the leading order backgrounds pp → ZZ → 4l and pp → ZZ(→ 4l) + jet (upper two curves). The results are for the LHC at √ s = 8 TeV, and a jet cut of p T > 30 GeV. The Z-bosons are taken to decay leptonically, with a cut m ll > 20 GeV imposed on their decay products. All results are produced using MCFM [23] .
production radiates copiously, the cross section for a Higgs boson produced in association with a jet is expected to be large [12] . Indeed, as can be seen in Fig. 1 , the production cross section for an off-shell Higgs with four-lepton invariant mass m 4l > 300 GeV in the exclusive one-jet bin is comparable to that in the zero-jet bin, for a typical jet cut p T,j > 30 GeV. On the other hand, for m 4l > 300 GeV, the cross section for the leading order (LO) exclusive pp → ZZ + jet production is a factor of 1.5 smaller than that for inclusive pp → ZZ. It is thus clear that in the tail, the ratio of Higgs signal to leading order background is better in the one-jet bin than in the zero-jet bin. An examination of the gluon-Higgs coupling, or a constraint on the Higgs width, from the one-jet bin can therefore be competitive with one from the zero-jet bin. So far the ATLAS collaboration has provided jet-binned differential distributions of the Higgs boson only in the γγ channel [13] . In due course data will also become available in the ZZ channel. Anticipating this development, in this paper we will study off-resonant Higgs boson effects in the ZZ+jet channel. For a calculation extending into the high mass tail, the dependence on the top mass must be retained. The leading-order amplitudes contain one loop, and have been calculated in Ref. [12] . The next-to-leading order (NLO) corrections, which involve two-loop amplitudes, are very challenging and have not yet been calculated. Note that, in the case where the heavy top limit is applicable, the relevant amplitudes have been known to NLO for some time [14] [15] [16] [17] , and next-to-next-to-leading order (NNLO) results in the dominant gg channel have been calculated recently [18, 19] .
From the outset it was clear that an accurate description of the high mass region requires that interference with non-Higgs mediated diagrams be taken into account [3, [20] [21] [22] . Indeed, the main role of the Higgs boson is to cancel the bad high-energy behavior that results from the presence of longitudinal polarizations of W -and Z-bosons. Thus the existence of this cancellation guarantees that interference will be important in the high mass region. We must therefore also calculate non-Higgs mediated ZZ + jet production through a quark loop.
The relevant parton processes for the production of a pair of Z-bosons in association with a jet are given in Table I and representative Feynman diagrams are shown in Figs. 2 and 3. The lowest order at which this occurs is through the partonic reaction where the subscript indicates the order in the strong coupling, g s , at which the amplitude first occurs. At the level of the matrix element squared, process (1) enters at order g 2 s g 4 W . The superscript is used to differentiate between partonic channels that enter at the same order. For instance there are also the crossed processes with a gluon in the initial state, such as,
The NLO corrections to the processes (1) and (2) , including all crossings, have been presented in Refs. [24] [25] [26] . In addition, ingredients for the NLO ZZ+jet process are part of the NNLO ZZ Amplitude name Process Order of Amplitude calculation presented in Ref. [27] . Merging to a parton shower generator has been considered in Ref. [28] . Focusing on the one-loop corrections to the process (2), we find two classes of contributions that are separately gauge invariant and finite. One represents box diagrams where the Z-bosons are radiated from a closed loop of fermions,
and the other corresponds to diagrams in which a Higgs boson is produced through a massive quark loop and subsequently decays to a pair of Z-bosons,
The background process B (4) interfere with the process (2), giving contributions of order g 4 s g 4 W . However, the interference of (2) and (3) is known to be small [24] . Similarly, the interference between (2) and the Higgsmediated process (4) is also small in the inclusive case [4] , as expected by unitarity. We will verify in this paper that this hierarchy holds in the one-jet exclusive bin as well. Partonic crossings of processes (3) and (4) give rise to processes q +q interfere with process (1). However, these amplitudes can be trivially obtained from processes (3) and (4), so there is no need to consider them separately.
At the next order, g 6 s g 4 W , the squared loop amplitudes for production of a Z-pair in association with a jet enter. As well as the square of the qg processes (3) and (4) and their interference, gluon-induced production is also present at this order, either through Higgs production
or through loops of quarks in a similar fashion to the process (3),
The gluon-induced process B
3 is known to provide contributions to V V + jet production in the range of 5-10% [28] [29] [30] . Since these represent a NNLO correction to the continuum pp → ZZ + jet process we do not consider them in this work. Likewise, we do not consider the square of B (b) 3 . Instead, we confine our studies to the Higgs processes, i.e. the squares of processes (4) and (5), and interference between processes (3) and (4) , and between processes (5) and (6) . The latter interference has been shown to lead to strong destructive interference in the high mass tail [22] . Indeed, the results of Ref. [22] demonstrate the viability of studying interference effects in the Higgs + jet channel. In this paper, we extend the analysis to include the interference of processes (3) and (4), which contributes at the level of 25-40%, depending on the transverse momentum cut on the jet.
In addition to their use in studying interference effects in Higgs + jet production, the above contributions are necessary to extend the analysis of Ref. [4, 6] to NLO. This is especially important given the slow perturbative convergence of the Higgs cross sections and the corresponding large scale uncertainties and k-factors [31, 32] . In particular, the amplitudes of processes (3)-(6) make up the real radiation corrections to gg → ZZ and gg → H(→ ZZ). For this reason, we obtain analytic formulae for the contributions arising from the amplitudes (3)-(6), although the formulae are too long to present in this paper. This will allow a numerically stable computation of these amplitudes that can be integrated over the singular regions. This issue requires particular care because the real radiation amplitudes are at one-loop, rather than the tree-level amplitudes found in conventional NLO calculations.
The virtual contribution for the NLO calculation consists of two-loop amplitudes, including the two loop gg → ZZ process. This is an extremely challenging calculation, which may be simplified if one limits the scales involved to s, t, m q and m Z , where s, t are the usual Mandelstam variables and m q is the mass of the quark circulating in the loop. We therefore consider both Z-bosons to be on their mass shells and sum over their polarizations in this work, with a view to extending the calculation of gluon-induced inclusive ZZ production to NLO. Thus our calculation will be appropriate for the region where the invariant mass of the Z-boson pair, m ZZ > 2m Z . As justification for this approximation, we can compare the calculation of gg → Z ( * ) Z ( * ) from Ref. [4] with a simplified calculation where both Z-bosons are on their mass shells. The results of this comparison are shown in Fig. 4 . Although there are differences between the calculations in the ZZ threshold region, for m 4l > 300 GeV the two are essentially indistinguishable.
LOOP AMPLITUDES FOR ZZ PRODUCTION
Although our principal focus will be the production of a pair of vector bosons in association with a jet, we will first consider the process without a jet, which will serve to set up the notation. Representative Feynman diagrams for this process are shown in Fig 
Name Process
Order of Amplitude processes (5) and (6), we will refer to the amplitude for the Higgs signal process as M Table II . These amplitudes were first studied for on-shell Z-bosons in Ref. [20] ; more recently, the Z decay and off-shell effects were also calculated [4] . In our results, we keep the Z-bosons on-shell and sum over the polarizations. 
Amplitude for gg → H → ZZ
We begin by looking at the amplitude for Higgs production, corresponding to the left hand side of Fig. 5(a) , with all momenta outgoing. The resultant amplitude is
where A, B are the color indices, g W = e/ sin θ W and e, m W , θ W are the electric charge, W -boson mass, and the Weinberg angle and s H = p 2 H ≡ 2p 1 · p 2 . Our conventions for the Feynman rules are as given in Ref. [33] . From Ref. [34] , the loop function for this amplitude is
where m q is the mass of the quark circulating in the loop. C {1,2} is a scalar triangle integral; the exact definition is given in Table III and Appendix A. In the limit m q → ∞ we have that
For the calculation at hand we also need the decay amplitude, depicted on the right hand side of Fig. 5(a) . This amplitude is given by,
Hence, combining Eqs. (7,9) the full amplitude for production and decay is
where we have defined an overall normalization factor,
From this it is straightforward to square the amplitude to obtain the result for the Higgs diagrams alone. The sum over the polarizations of the gluons and the Z-bosons of momentum p can be performed as usual with the projection operators,
Including also the sum over colors yields the matrix element squared for the signal in this channel,
where we use the notation for the color factor V = N 2 c − 1 = 8.
Coupling structure for gg → ZZ
We turn now to the amplitude shown in Fig. 5(b) . We are not interested in the square of this amplitude, which is an NNLO contribution to the continuum pp → ZZ production. Rather, our focus is on the interference with the Higgs-mediated amplitude presented in the previous section. We shall consider a single quark of flavor f to be circulating in the quark loop. The Standard Model coupling of this fermion to a Z-boson is given by,
The amplitude can be written by extracting an overall factor, given in Eq. (11),
where the V and A subscripts indicate the vector and axial vector coupling to the Z-bosons, respectively. The cross-terms proportional to v f a f vanish, so that we can write
This decomposition of the coupling structure is particularly useful since the combination of amplitudes B 2,AA − B 2,V V vanishes in the limit m q → 0.
Projection of interference for gg → ZZ
With the amplitudes outlined above it is straightforward to compute the interference. The relevant combination is,
where the projections are given by,
The notation for the scalar integrals D and C is given in Table III . We note that, in contrast to the case where the Z-bosons are off-shell and their decays included, these formulae for the interference take a very simple form. In particular, there are no denominators of the form 1/p 2 T , where p T is the transverse momentum of one of the Z-bosons.
AMPLITUDES FOR ZZ + jet PRODUCTION
We turn now to the amplitudes for ZZ + jet production. The partonic amplitudes are given in Eqs. (2-6) and Table I and are depicted in Figs. 2 and 3 . The large-energy behavior of the background loop amplitudes B 1 is insensitive to the unitarizing effects of the Higgs boson.
Amplitude for gq → H(→ ZZ)q
We begin by looking at the Higgs-mediated process (4). This was first computed in Ref. [12] for an on-shell Higgs. Modifying this result slightly to allow the Higgs to be off-shell, the amplitude is
where the loop function F (s 23 , s H ) is given by
in terms of the scalar integrals defined in Table III . Note that the loop function above is related to the gg → H loop function M (s H ) given in Eq. (8) by
Including the decay H → Z(p 4 )Z(p 5 ), the amplitude is
and squaring this we find
The negative sign in the first line comes from the sum over the gluon polarizations. Recall that N is our canonical overall factor given in Eq. (11).
Amplitude for tree-level qg → ZZq
The tree-level background amplitude in process (2) is given by
where the gamma-matrix structure is contained in the function T αρσ : 
This amplitude squared is the leading-order contribution to pp → ZZj. Its interference with the Higgs-mediated amplitude, Eq. (24) is
where the superscript indicates that the interference is at order g 4 s .
Projection of interference for qg → ZZq
The amplitude of process (3) has the same weak coupling structure as gg → ZZ, and can therefore be written in terms of vector and axial couplings as in Eq. (16),
where B
3,V V and B
3,AA are loop functions. Again, our focus is not on the square of this amplitude but on its interference with the Higgs-mediated process presented in Sec. 3.1. This is given by
Amplitude for gg → H(→ ZZ)g
We now move on to the Higgs and interference contributions through gluon-fusion. The Higgsmediated contribution, represented by the diagrams in Fig. 3(a) , is also presented in Ref. [12] . By combining this with the decay amplitude given in Eq. (9), we obtain the full amplitude for the process at hand,
The projectors F 1 and F 2 are defined by,
and the functions A 2 and A 3 contain the loop integral functions, whose definition we do not repeat here. Instead, we note that the function A 3 is totally symmetric under the interchange of its arguments while A 2 is symmetric only in its first two arguments,
The amplitude-squared for this contribution, summed over colors and spins, is then given by,
The negative sign in the first line comes from the sum over the polarizations of the three gluons. We have introduced a new function A 4 that is defined by,
As a cross-check, we can inspect the limit m q → ∞ in which these functions take the limiting values,
Thus in this limit the squared amplitude becomes, 
which is the expected result [31] .
Projection of interference for gg → ZZg
Finally, we turn to the background amplitude of process (6) . The relevant topologies of diagrams are shown in Fig. 3(c,d) . There are 42 diagrams in all, 24 of the topology of Fig. 3(c) and 18 of the topology of Fig. 3(d) . The continuum amplitude can be written as,
(a),αγβρσ 3
(1, 3, 2) (38) where B 3 is proportional to the antisymmetric color structure f ABC (cf. Eq. (31)), terms proportional to the symmetric color combination d ABC will vanish in the interference and can be safely dropped. Thus the amplitude can be replaced by,
The weak coupling structure of the amplitudes B (1, 2, 3). Hence we can simply write,
and only consider two combinations of vector boson couplings, V V and AA − V V . The interference is given by
where again the minus sign comes from the sum over the gluon polarizations. Our strategy will be to contract the continuum amplitudes with the tensors F 1 and F 2 present in the Higgs amplitude, Eq. (31). The definitions of the tensors is given in Eq. (32) . Writing this explicitly, we have
where the sum is over the three cyclic permutations. Since B is fully symmetric under such permutations, we can write the above as
where
In our implementation we have analytically computed H 3 (1, 2, 3) and H 2 (1, 2, 3) and then performed the sum over the three permutations numerically. 
RESULTS
The Higgs and interference amplitudes presented in Secs. 2 and 3 have been implemented in the parton level integrator MCFM, using a library of scalar integrals [36] . In this section we present results for the LHC running at √ s = 8 TeV and √ s = 13 TeV. Our parameters are summarized in Table IV . Since we are particularly interested in the behavior of the high mass tail, we make use of a dynamic factorization/renormalization scale µ = m ZZ /2. We remind the reader that we consider on-shell Z-bosons, and include their decay only through a branching ratio BR(Z → e + e − ) = 3.36386 × 10 −2 . Thus, we are insensitive to the details of the lepton kinematics.
We demand the presence of a single jet, defined using the anti-k T algorithm and having a rapidity |η j | < 3 and a transverse momentum p T,j > p T,cut . We make use of the MSTW08LO parton distributions functions (pdfs) throughout [37] . We will refer to the cross sections that arise from the signal amplitudes M 3 , as these contribute at NNLO to the continuum background.
In Table V , we show partonic level cross sections in the high mass tail defined by m ZZ > 300 GeV. Four different values of the jet cut p T,cut are shown at center-of-mass energies √ s = 8
TeV and √ s = 13 TeV. We have confirmed that our results for σ gg H and σ gg I agree with those shown in Ref. [22] . Comparing these gg-initiated cross sections with the qg + qq-initiated cross sections (which are not considered in Ref. [22] ), we see that the former are always larger but the latter are still important, especially at larger values of p T,cut . The relative partonic contributions at a given p T,cut are roughly the same for Higgs and interference cross sections: at √ s = 8 TeV, both /σ I are approximately 25% at p T,cut = 30 GeV and increase to almost 50% at p T,cut = 200 GeV. This effect is due to the larger p T,cut probing a higher region of x, where the quark pdfs are relatively more important than the gluon pdfs. At √ s = 13 TeV, the value of x decreases, leading to smaller values for these ratios for a given p T,cut .
The negative values of the interference cross sections are required to restore unitarity. These cross sections are slightly larger in magnitude than the signal rate, so that their sum is negative. The ratio of Higgs to interference is roughly constant for different values of √ s or p T,cut , and in either partonic channel. In contrast, the tree-level interference σ tree I is positive but fairly small, although its importance increases with p T,cut , for the reasons discussed above.
In Table VI we show σ H and σ I for the four values of p T,cut and the two center-of-mass energies. Also shown are the Higgs boson on-peak cross sections (σ H ), defined by m ZZ < 130 GeV. The latter are obtained by a separate calculation in which the Z-bosons are allowed to be off-shell. The cross sections at √ s = 13 TeV are a factor of 4-5 times larger than at √ s = 8 TeV, with greater increases coming from higher values of p T,cut . These values indicate that a few events have already been produced in the high mass tail of the one-jet exclusive bin during run I, and about 100 high . mass events are expected with 300 fb −1 at the higher energy. We note that the high mass tail becomes more important relative to the peak cross section as p T,cut increases because the on-peak cross section is more concentrated at small transverse momentum.
As mentioned in the discussion of Table V, the sum of σ H and σ I is negative, and the ratio |σ I /σ H | does not depend appreciably on p T,cut or √ s. The value of σ tree I is about 5% of the value of σ I with p T,cut = 30 GeV, and around 10% with p T,cut = 200 GeV. However this contribution will be partially cancelled by the unitarizing effect of the interference between the tree-level amplitudes in process (2) and the one-loop box qg process (3), which is neglected in this paper. We therefore expect the values of σ tree I,tail given in Table VI to provide an upper bound on the size of the subleading contribution resulting from interference effects involving the tree-level processes.
The dependence of these quantities on the invariant mass of the Z-pair m ZZ is shown in Fig. 6 for p T,cut = 30 GeV and √ s = 8 TeV. We see that the inclusion of the interference term changes the sign of the Higgs-mediated contribution and its magnitude is significantly reduced, as anticipated. Moreover, the effect of the interference is to dramatically alter the shape of the distribution throughout. This emphasizes the importance of including the interference effects when considering the high mass tail.
As of yet, no mass distributions are available in the one-jet bin, so an extraction of a bound on the Higgs width using our results is not possible. As data become available from the higher energy LHC run, this analysis will become possible. We expect that such a bound will be competitive with the bound extracted from the zero-jet bin. To see this, we can examine the cross section for Higgs-mediated events in the high mass region. We assume that the on-shell Higgs cross-section corresponds to its SM value. This introduces a relationship between the couplings and the Higgs
CONCLUSIONS
We have studied the high mass tail of a Higgs boson produced in association with one jet, focusing on the Higgs decay to a Z-boson pair. We have performed the calculation in a simple kinematic configuration with on-shell Z-bosons which are summed over polarizations. The overall Higgs rate in the one-jet bin is known to be large, and we find a significant contribution from the high mass tail for a typical jet transverse momentum and rapidity. This feature has already been noted in the inclusive case, where it has been used to extract a tight bound on the Higgs width. In addition, the ratio of the Higgs signal to the dominant leading order background pp → ZZ + n jets is larger in the one-jet bin than in the zero-jet bin. It is therefore desirable to study the high mass tail in the one-jet bin, both in current and future LHC data.
An accurate prediction of the high mass tail requires an understanding of the interference between Higgs-mediated and non-Higgs mediated amplitudes, and we have studied this interference from both the gg and qg production modes. Qualitatively, the effects of the interference are similar to those found in the inclusive case: the interference provides a negative contribution to the high mass tail which is larger in magnitude than the signal rate, leading to a negative shift in the distributions. The interference between the Higgs-mediated one-loop diagrams and tree-level background diagrams is found to be subdominant, despite these entering at a lower order in g s . A brief analysis shows that the bounds on the Higgs width that can be extracted in this channel are comparable to those from inclusive production. We also point out that the results presented here form an important step to extending the understanding of the high mass tail in the inclusive case to NLO.
Throughout this paper we have considered Higgs production through gluon fusion and neglected the subdominant production mechanism of weak boson fusion (WBF). This mechanism has a distinctive signature of two very forward jets, with little hadronic activity between them. These signatures dominate the two-jet bin, but will also contribute to the one-jet bin if one of the jets is missed by the detector. A Higgs boson produced through WBF must necessarily exhibit similar high mass tail effects, if the Higgs is to unitarize weak boson scattering. Therefore a corroborating analysis should be possible in the WBF production mode, although it will require a careful event selection in order to isolate the Higgs-related contribution from electroweak production of Z-pairs and jets. While we have focused on H → ZZ exclusively, we expect qualitatively similar effects in H → W + W − decay. However, this decay channel is experimentally challenging in the presence of a jet, due to the large top-pair background. We also note that Higgs results in the exclusive one-jet bin are known to be sensitive to the logarithms of the transverse momentum veto [38] . Moult and Stewart recently showed [39] that although these logarithms have a mild impact on the Higgs width measurement in H → ZZ decay, where the study is rather inclusive in the number of jets, they can have a large effect in the H → W + W − channel where jet-binning is crucial to the analysis. The LO study that we present in this work should be taken as a starting point, and higher order corrections should be computed when at all possible.
